Background and aims. The aim of the present study was to compare the efficacy of quartz tungsten halogen (QTH) and
Introduction
linical performance of light-cured composite restorations is greatly influenced by the quality of curing light. 1 Characteristics such as resin composition, light source intensity and exposure time determine the final properties of light-activated composite resins. 2 Efficacy of LED light-curing units (LCU) in polymerization of resin-based composites has been evaluated in various studies. [3] [4] [5] [6] According to a study performed by Obici et al 7 there
are differences between different methods of polymerization at depths greater than 2 mm, where the LED unit demonstrates the lowest depth of cure compared to QTH units. Longer exposure time compared to QTH curing light and design improvements to increase performance in depths of cure have been proposed for first generation LED-based curing lights. 8, 9 Degree of double bond conversion of composite resin is significantly influenced by variables such as material, composite shade, depth from the surface, light source and energy level. [10] [11] [12] [13] Uhl et al 14 investigated the curing efficacy of a prototype single LED light-curing unit compared to a conventional halogen one and concluded that LEDs have the potential to replace halogen LCUs if composites are selected carefully.
A number of high-power LED light sources have been marketed with a single LED to reduce curing time. To achieve this reduction in the time required for curing, these newer generations of curing lights have incorporated the latest advances in high-power LEDs so that they are capable of delivering a power density of about 1000 mW/cm 2 .
15
Since all the spectral output of LEDs is concentrated in the blue wavelength range, more efficient curing has been shown with reduced curing time compared to the first generation LED lights and conventional halogen lamps. Thus, they would be comparable to highintensity halogen curing lights. 16 There are a few reports about the efficacy of newer LED curing light sources referred to as third generation LED curing lights, which deliver a broader spectral output peaking at 406 and 458 nm with a possibly better performance compared to second generation LEDs. [17] [18] [19] This study was undertaken to assess the efficacy of some marketed LED light units including second and third generations with different light intensities and to compare them with a high-intensity and a conventional tungsten quartz halogen light with respect to depth of cure and hardness of a resin composite. We hypothesized that LED curing lights are as effective as high-intensity QTH lights in polymerization of resin composite.
Materials and Methods
A hybrid resin composite (A3 shade, Filtek Z 250, 3M ESPE, St Paul, MN, USA) was used as the test material in this study. Two quartz tungsten halogen and ten light emitting diode light-curing sources used in the study are listed in Table 1 . An Elipar 2500 lightcuring unit was used as the control light source. A two-split aluminum mold with a semicircular, columnar hole (with a diameter of 4 mm and a depth of 8 mm) was used to prepare the samples (Figure 1 ). The mold was placed on a sheet of Mylar and then the resin was compressed to achieve a flat test surface, covered by a clear polyester strip (Matrix Tape Refill, 3M) and photopolymerized using light photoactivation with each of the light sources for 40 seconds in continuous mode while the light tip was in contact with the strip placed on top. Ten semicircular and column-shaped samples were prepared with each test light source (α = 0.05, power = %80, d = 0.10). The cured depth of the resin specimens was determined using International Standard ISO 4049 technique. 20 Immediately after irradiation, uncured material was scraped away with a spatula. The height of the cylinder of set resin was measured with an electronic micrometer (Mituitoyo, Japan) to an accuracy of ± 0.01 mm, and the measured length was divided by two. Then Vickers hardness number was determined at 1.0-mm intervals along the length of the cured samples (the same samples were used for measuring the depth of cure) on the flat side perpendicular to the direction of the light source, using a universal indenter (Leitz Wetzlar; Germany) with a 100-gr load for 30 s. 21 Data was evaluated using analysis of variance (ANOVA) and Tukey test at 95% significance level.
Results

Depth of cure
The results for depth of cure are shown in Table 2 . Analysis of data by ANOVA showed a significant difference between the tested QTH and LED light sources for depth of cure (P < 0.001).
Based on Tukey test results the differences between cured depth by Elipar 2500 curing light with G light, FreeLight 2, LEDemetron II, Radii Plus, and Satelec Mini LED were significant (P < 0.05).
There was a significant difference in depth of cure between Opltilux 501 and Elipar Freelight 2, G Light, LEDemetron and Satelec Mini LED light sources (P < 0.05).
No significant difference in cure depth was observed between Curing Light 2500 and Optilux 501 (P > 0.05).
Hardness
The results for Vickers hardness are shown in Figure  2 and Table 3 . Hardness values produced by LEDs and Optilux 501 at 0-mm, 1-mm and 2-mm intervals of the samples were significantly different from values produced by Elipar 2500 light source (P < 0.05).
At the surface (0 mm) the highest hardness value was produced by Elipar 2500 curing light and its difference in hardness value with all the tested light sources was significant (P < 0.05).
Hardness values of surfaces polymerized by Optilux 501 and other light sources also showed significant differences (P < 0.05) except for G Light, Mini LED and SmartLite IQ.
At 1-mm interval the highest hardness value was related to Elipar 2500 curing light and its difference with all the tested lights, except for Radii Plus, was significant. The difference of the hardness produced by Optilux 501 and the other tested light sources was not significant except for LEDemetron, Radii and Radii Plus. At 2-mm interval the highest hardness value was related to Radii Plus. The differences between hardness values produced by Elipar 2500 and also by Optilux 501 compared to those gained by LEDs were significant. At 3-mm interval the highest hardness value was related to Radii Plus and all the tested LEDs except LEDemetron II, PenCure and Radii Plus compared to Elipar 2500 and all the tested LEDs compared to Optilux 501 showed meaningful differences.
At 4-mm depth the highest hardness was shown by LEDemetron II, Elipar 2500; Optilux 501 did not show significant differences compared to FreeLight 2, PenCure and SmartLite IQ 2 (P > 0.05).
All the tested light sources could produce hardness values greater than 80% of the surface hardness values of the specimens when measured 1 mm below the surface. At 2-mm interval all light sources except LEDemetron I and Optilux 501 could produce hardness values higher than 80% of the surface hardness values. PenCure and Ledemetron II were the only light sources that could cure the composite resin at 3-mm intervals so that the hardness was greater than 80% of corresponding superficial layer hardness values. At 4-mm interval the Vickers hardness values were low and well below the 80% of surface hardness values for all the tested light sources but the highest value which was about 56% of superficial layer value belonged to LEDemetron II (Table 3) . Hardness(kg/mm2) 
Discussion
The aim of this study was to evaluate a variety of commercial LED curing lights, and to determine their efficacy compared to conventional quartz tungsten halogen and high-intensity quartz tungsten halogen lights. Microhardness and depth of cure were assessed since these reflect the physical properties of resin composite materials, which can be related to their clinical use. The depth of cure of a composite resin is affected by the amount of light that reaches the photoinitiator. Light intensity decreases as it passes through the sample, limiting the degree of conversion deep in the resin. Fillers and pigments strongly influence the intensity of the incident light, limiting the depth of cure. Both the intensity of the light source and attenuation of light caused by the composite resin influence the degree of conversion. 22, 23 In the present study effective hardness ratios (80% of corresponding superficial layer values) at 2-mm thickness were achieved with all the tested curing units except for LEDemetron I and Optilux 501, which is in accordance with the results of another study and can be related to differences in light intensity and energy density. 24 Despite the presence of a significant difference in depth of cure between G Light and the QTH light sources, the G Light failed to produce a Vickers hardness value equivalent to 80% or greater than the corresponding superficial layer hardness values at 3-mm interval of the samples. In contrast, despite the absence of a significant difference in depth of cure between PenCure and QTH light sources, samples cured with PenCure could reach hardness values of 80% or greater of the corresponding superficial layer values at 3-mm intervals. A bottom-to-top hardness ratio of 80% has been reported to correspond to a bottom-totop conversion ratio of 90%. 25 Despite gaining the maximum hardness at 0-mm interval Elipar 2500 failed to produce hardness values greater than 80% of corresponding superficial layer hardness values at 3-mm interval.
These results indicate that the spectral distribution and intensity of curing light do not affect the depth of cure to the same degree as they do the conversion of the resin.
Based on the results of previous studies, hardness is the best predictor of monomer conversion and degree of conversion is the most sensitive test for the evaluation of the depth of cure but degree of conversion drastically reduces as the depth increases. 26, 27 LED curing lights use light emitting diodes that produce a narrow spectrum of blue light in the 400-500 nm range with a peak wavelength of about 460 nm, which is within the useful energy range for activating the photoinitiator camphorquinone (CQ) molecule, most commonly used to initiate the photopolymerization of dental monomer. 13, 28 The guiding principle that dictates the efficiency of a photopolymerization reaction is how much light energy is absorbed by the photoinitiator during light irradiation. Light intensity is an important factor in the activation of photoinitiator, but more importantly, it is how much of this emitted light effectively matches the absorption spectrum of the photoinitiator. 1 Halogen curing lights showed significant differences in depth of cure and microhardness from LED curing lights. The higher intensity of Optilux can partly compensate for this difference in depth of cure, but not for hardness. Filtek Z250 resin composite uses CQ as the photoinitiator component in conjunction with a tertiary amine. Although a range of emitted light can affect the CQ absorption curve and initiate a polymerization reaction, the most efficient light absorption is at the peak maximum of 465 nm. The spec- tral output of halogen curing light is broad and substantial portions of the wavelengths are outside the CPQ curve. Since LED curing lights emit a narrow band of light in the range of 400-500 nm, which is in the useful energy range for activating the CPQ, the energy required to generate a given amount of radicals using LED units is smaller than that when halogen units are used. 29 The LED light sources used in this study showed greater hardness and in most cases the depth of cure produced by tested LEDs in the present study, compared to Optilux 501, is consistent with the results of other studies. 16, 30 Some studies have shown that second generation LED LCUs are as effective as or more effective than halogen LCUs for polymerization of composite. 31, 32 PenCure and LEDemetron II were the only light sources that could cure the composite resin at 3-mm intervals so that the hardness was greater than 80% of corresponding superficial layer hardness. It is important to note that LED light curing units used in the present study are representative of high-power output LEDs and are more effective in curing the resin compared to older LED lights. Among all the tested LED light sources, PenCure and LEDemetron II had specific light output modes, which differed from other lights. In most polymerization units, light rays diverge as they exit from the output end of the light guide or emitting element; the less the divergence, the less the power density loss with increasing distance. The homogeneity of light across the existing beam is also of importance. 23 PenCure has a concentrated parallel light beam emitted with no light guide. The aim is to produce a uniform output with less reduction in output due to beam divergence. According to Sakaguchi and Berge 33 maximum light intensity is achieved at 0.55 seconds, which decreases, even when set to a continuous light output method (800mW/cm 2 ). It was observed that the maximum peak light emission by LEDemetron II is more adjusted to the CQ peak absorbance spectrum (468 nm) compared to other LED light sources tested in this study. LEDemetron II uses a periodic level shifting technology (PLS), which shifts the output several times within the curing time from 1500 to 1200 mW/cm 2 . Maximum light intensity is achieved every time the light pulses into the highintensity level. This method may provide a higher amount of energy transfer to the material, which may explain higher hardness values achieved at 3-mm interval by LEDemetron II light source. However, the effect of this periodic level shifting has yet to be fully determined as it has been reported that polymerization process seems more dependent on the total energy available for photoactivation than the peak light intensity. 29 Further research studies in this area are required.
Conclusion
Within the limitations of this in vitro study, it can be concluded that LED curing lights are as effective as high-intensity QTH lights in polymerization of resin composite. While minor variations occurred in depth of cure and microhardness, all LED lights evaluated in this study were considered suitable for polymerization of resin composite at clinic.
